The application of chemically sythesized polynucleotides with defined sequence has played an essential role in the elucidation of the mechanism of many biological progresses. In the sixties the use of synthetic oligonucleotides was invaluable for deciphering the Genetic Code. Later the chemical synthesis of gene fragments of yeast alanine tRNA and E.coli suppressor tyrosine tRNA was accomplished. The DNA fragments coding for the tyrosine tRNA were linked with the aid of DNA ligase to form the first 2 3 chemically synthesized active gene.
INTRODUCTION
The application of chemically sythesized polynucleotides with defined sequence has played an essential role in the elucidation of the mechanism of many biological progresses. In the sixties the use of synthetic oligonucleotides was invaluable for deciphering the Genetic Code. Later the chemical synthesis of gene fragments of yeast alanine tRNA and E.coli suppressor tyrosine tRNA was accomplished. The DNA fragments coding for the tyrosine tRNA were linked with the aid of DNA ligase to form the first 2 3 chemically synthesized active gene.
These syntheses were carried out by the phosphodiester method (the immediate product of the condensation step is a phosphodiester). In the early seventies a reinvestigation of the first 4 method of dinucleoside phosphate synthesis renewed interest in the phosphotriester approach (the immediate product of the condensation is a phosphotriester), which has now become a major route to oligodeoxynucleotide synthesis. These methods led to the first synthesis of gene fragments for peptide hormones. " At present these methods are being perfected and the first automated DNA synthesis machines are commercially available. Although these methods still remain to be refined, simple methods for the synthesis of short deoxyribo-oligonucleotides are now in great demand due to the recent advances in recombinant DNA technology. The application of such compounds to site-specific, directed in vitro mutagenesis of cloned 9 10 genes, ' the isolation of genes by probing clone banks with chemically synthesized oligonucleotides, and the synthesis of custom-tailored genes has already led to spectacular results in molecular biology.
Progress in the chemical synthesis of ribo-oligonucleotides has been slower.
However, synthetic methods can now readily provide reasonable quantities of shorter oligonucleotides, which can then be joined by RNA ligase using well established techniques.
The combination of these chemical and enzymatic methods provided the basis for the recent total synthesis of tRNA molecules. 16 ' 17 This article will discuss the present state of polynucleotide synthesis in liquid phase or on solid supports and review the most commonly used protecting groups and condensing reagents. For a more detailed treatment of many facets manuals. 18 To protect the primary 5'-hydroxyl of ribo, the acid labile mono-or dimethoxytrityl group is used most commonly. ' ' Other protecting groups which can be removed under different conditions have also been 21 22 23 investigated. Levulinyl, o-dibromomethylbenzoyl and trityloxyacetyl groups are removed by treatment with hydrazine, silver perchlorate and dilute ammonia, respectively. These groups and the conditions for their removal are summarized in Fig. 2 and Table I. The 2'-hydroxyl group of ribonucleosides needs to be protected with stable groups which can be removed at the final deprotection step, especially in the phosphotriester synthesis. Ketals, such as tetrahydropyranyl or methoxytetrahydropyranyl, are used as acid removable protecting groups. 2'-0-(o-Nitrobenzyl) derivatives of ribonucleosides and t-butyldimethylsilyl nucleosides ' have also been described. The 25c tetraisopropyldisiloxy group was found useful in protecting the 3'-and 5'-hydroxyl groups at the same time. The structures of some protecting groups for the secondary hydroxyl groups are shown in 
Phosphorylating and condensing reagents
Phosphomonoesters can be activated with dicyclohexylcarbodiimide (DCC).
However, DCC acts slowly and is suitable only for short oligonucleotdes. 5a, a N,5'-0-protected deoxynucleoside (1_) is phosphorylated with o-chlorophenyl phosphorodi-(l,2,4-triazol ide) (2) to give the putative intermediate (3), which can be further activated in the presence of N-methylimidazole or p-dimethylaminopyridine to react with the 5'-hydroxyl group of nucleosides(8j to give 9_. 3^ 1S a^so converted to the fully protected triester (6J by treating with p-cyanoethyl alcohol. Thus phosphotriazolides can be used for condensation reactions. This approach has been useful in the solid phase synthesis of deoxyribopolynucleotides , although the yields are lower than those obtained by reactions activated with arenesulfonyl tetrazolides or 3-nitrotriazolides.
Mechanisms for condensation reactions using a mixture (1:3) of TPSC1 and tetrazole have been proposed which explain the efficient formation of phosphotriesters with less sulfonylation. 32a Tetrazole and sulfonyl chlorides have also been used simultaneously in coupling reactions of thymidine phenylthiophosphate.
Deoxyoiigoribonucleotide synthesis in solution
The new methods for protection and activation of nucleotides have reduced the time required for polynucleotide synthesis both in the phosphodiester and phosphotriester approach. Two tyrosine suppressor tRNA genes with altered promoter sequences (ca. 200 nucleotides long) were 33 synthesized by joining of oligonucleotides with approximate chain length of 12, which were prepared by the previously described phopsphodiester methods. ' ' New separation and purification procedures of the products 34 by high-performance liquid chromatography on alkylated silica gel also contributed to shortening the time required for obtaining a large number of oligonucleotides.
The phosphotriester approach has been greatly improved with the introduction of the more reactive condensing reagents (see above). The other major improvement in the phosphotriester synthesis has been the use of new purification procedures. Separation of triesterified phosphate intermediates can be performed by chromatography on silica gel. Short column chromatography on fine particles of silica gel increased resolution 14d of protected oligonucleotides and reversed-phase chromatography is also used to purify protected oligonucleotides.
The latter method can resolve impurities which can not be removed by silica gel chromatography. Thin layer chromatography on alkylated silica gels has been used to monitor the extent of condensation reactions as well as the purity of the final products.
Unlike silica gel this material will also resolve compounds with phosphate dissociations. Phosphotriester intermediates with a terminal phosphodiester group are now purified by reversed-phase chromatography on C-8 or C-18 silica gels. Purification of oligonucleotide intermediates is essential for polynucleotide synthesis which involves several condensation steps. Compared to solid phase synthesis, solution phase synthesis has some advantages in purifying intermediates; in addition it allows product preparation on a large scale. This was shown in the recent synthesis of a few deoxyribopolynucleotides with defined base sequence which where used for X-ray and NMR investigations. These studies required products of high X purity in large guantity. Figure 5 shows methods for obtaining nucleotide intermediates in the triester synthesis. Two types of protected oligonucleotides are required for the block condensation stategy: oligonucleotides with or without a 3'-terminal phosphodiester group. The 3'-terminal dimer (£, R'=Bz) can be synthesized by treating 3'-0-benzoyl-N-protected deoxynucleosides (8_) either with the phosphotriazolide (3) or with phosphodiester (£) plus a condensing reagent. The 5'-dimethoxytrityl group is removed for elongation in the 5'-direction. The other type of oligonucleotide (e.g. 9, R'= phosphoryl) can be obtained by condensing nucleotide (7) instead of 8. Nucleotides (9) are converted to the 3'-diesterified block by removing one of the protecting groups on the phosphate without damaging other protecting groups. For this purpose a combination of chlorophenyl (Ar) and p-cyanoethyl (R) is used frequently. 30 ' 37 Trichloroethyl , 21c>35a anilido, 38 ' 40 or anisido 41 are also used instead of p-cyanoethyl as more stable protecting groups; these are supposed to be advantageous in the isolation or purification of intermediates. Figure 6 shows two examples of oligonucleotide synthesis by the triester approach involving the B-cyanoethyl group (a) or the phosphoroanilidate approach (b) . Figure 6a he use of methyl phosphorodichloridate and the removal of the methyl group after oxidation to triesters has also been reportedY41H. These procedures were successfully applied to the solid phase synthesis of deoxy-oligonucleotides (see below).
Ribo-oligonucleotide synthesis in solution
In the past most notable achivements of ribo-oligonucleotide synthesis, 47 such as the preparation of all possible triplets or of many dinucleotides containing nucleoside analogs, have been made by the phosphodiester strategy. However, much effort has been spent recently in developing a phosphotriester approach for ribo-polynucleotide synthesis. Present evidence points to advantages of this approach in the protection of the 14 internucleotide phosphate linkages during condensation.
There are now several routes to the synthesis of oligoribonucleotides by the phosphotriester method in liquid phase. Protecting groups for the 5'-hydroxyl functions are selected in connection with the stability of other protecting groups. The protection of the 2'-hydroxyl group is an additional problem in Figure 6 . Two examples of deoxy-oligonucleotide synthesis by the phosphotriester method.
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•S-N I J Tt-N ? r>5 CI-P-OCH2CC13 (Fig. 7a) . a o-Dibromomethylbenzoyl, which can be removed by treat-49 ment with silver cations, is introduced as shown in Fig.7b A photolabile o-nitrobenzyl ether has been used in combination with acid labile 5'-0-monomethoxytrityl and p-chlorophenyl phosphates (Fig.7c) in the synthesis of oligonucleotides having the sequence of E.coli formylmethionine tRNA. These deca-, heptadeca-, and eicosanucleotides are substrates for RNA ligase and allowed the construction of a tRNA.
The some strategy of chemical synthesis of ribo-oligonucleotides and joining with RNA ligase 54 allowed the synthesis of "mutant" tRNAs. 44 The phosphite coupling method has been applied to the synthesis of a riboheptanucleotide using 2'-(t-butyldimethylsilyl)nucleosides, and hexadecauridylic acid has been synthesized by block condensations. A scheme for the preparation of a dimer by the phosphite method is shown in Figure 8 .
Solid phase synthesis of polynucleotides
The strategy of polymer synthesis on an insoluble support has significant advantages over the solution method discussed above. The separation of the reaction intermediates from the starting compounds is much easier, consequently the speed of synthesis will be much faster. On the other hand, high yields in each condensation step or blocking of unreacted growing polynucleotide chains are required. Early attempts to synthesize polynucleotides on solid support matrices met with great difficulties. These involved adsorption of nucleotide intermediates on the support material and insufficient yields in condensation steps. This is summarized 14 in earlier reviews.
Reexamination of these methods showed that polyacrylamide, polyacrylmorphol ide, and polyacryldimethyl-amide were satisfactory. These support materials were then successfully used in the triester approach to condense mono-or oligonucleotides ' Polystyrene was found to be as good as polyacrylamide supports for deoxyoligonucleotide synthesis except that it required hydrophobic conditions for removal of the product from the polymer.
Silica gel was also used for CO rn the synthesis of deoxyoligonucleotides by the phosphite coupling method ' and by the triester method. The phosphite method has been improved by introduction of stable N,N-dimethylphosphoroamidite intermediates which can be prepared by treating N,5'-protected deoxynucleosides with chloro-N,Ndimethoxyaminomethoxyphosphine. The presentative schemes for solid phase synthesis by the phosphotriester and phosphoramidite methods are shown in Figure 9 .
Removal of the 5'-dimethoxytrityl group in each step is one of problems in the synthesis of deoxyoligonucleotides on polymer supports, since the glycosidic linkage of N-benzoyldeoxyadenosine is very acid labile (especially when the 3'-position of the nucleoside is not phosphorylated) and detritylation of polynucleotides requires stronger acid conditions on the polymer. Therefore oligomers with a 3'-terminal deoxyadenosine have been avoided earlier in solid phase syntheses. However, the use of zinc bromide in the presence of isopropanol ' or trichloroacetic acid seem to resolve this problem.
It should be noted, that solid phase synthesis can be scaled down to produce very small amounts. For instance, as little as 14 umoles of deoxyheptadecamers on 50-60 mg of polymer support. This is convenient especially in the case of block condensations for larger oligonucleotides. The largest oligonucleotide reported by the solid phase approach is a 31 mer synthesized by trimer block condensation.
Purification by reversed phase chromatography was required before and after removal of the dimethoxytrityl protecting groups. This purification was based on the presence of the lipophilic trityl group in the desired product. Speed, the other feature of the solid phase synthesis was demonstrated by the rapid synthesis of gene fragments of a-interferon by block condensation of dinucleotides on polyacryldimethyl amide resin support. These oligonucleotides ranging in size from 14-15 were joined with DNA ligase to form a DNA duplex of 514 base pairs. This represents the largest DNA molecule synthesized chemically to 64 date.
The phosphite approaches have so far utilized monomer units as intermediates. This is the simplest strategy which requires only four intermediates as starting materials. However, very pure starting materials and vigorously dry conditions are needed to maintain good yields and high product purity.
These achievements coding for relatively large proteins has become feasible. Automated and semi automated synthesis carried out by machines can now perform many synthetic steps and economize man-power, but purification and characterization of the final product still requires time. For ribopolynucleotide synthesis the polyacrylmorpholide support has been used to synthesize a heptanucleotide and the phosphite coupling method combined with a silica gel support has allowed the synthesis of a hexanucleotide.
Since the solid phase approach requires a large excess of the incoming nucleotide unit to get a high yield in the condensation step, this strategy may not be so advantageous for ribopolynucleotide synthesis where the preparation of the protected intermediates needs more steps than are required for the corresponding deoxyribonucleotides.
CONCLUSION
The methods presently available for chemical polynucleotide synthesis can be divided into two categories, (i) synthesis in homogeneous solution and (ii) synthesis on solid supports. When only small amounts of polynucleotides are required (e.g., for biochemical studies) then the solid phase approach is the method of choice. However, when relatively large amounts of polynuclkeotides are desired (e.g., for physical studies of these compounds) then liquid phase synthesis is preferable, where the intermediates are purified after each condensation step.
The advantages of the solid support approach are the following, i) The scale of the synthesis can be reduced since the intermediates need not be isolated after each condensation step. Quantities of less than 1 vunole are sufficinet for many applications in molecular biology, e.g., to serve as 2 -1 2 substrates for DNA ligase, as primers for reverse transcriptase, as tools for in vitro mutagenesis or as probes for hybridization experiments. ii) Most of the operations can be automated and soon commercially available machines may be succesfully used, iii) The solid phase method is preferred in the synthesis of "mixed probes" containing multiple bases (corresponding to the third letter degeneracy of the Genetic Code) in the products. This is due to the fact that deoxyguanosine-containing oligomers are recovered in lower yield upon silica gel purificationused in solution synthesis, iv) The time required for synthesis is substantially reduced because the purification process after each step of condensation is not needed. However, final purification and identification of the synthesized polynucleotides still remain time consuming tasks. 
